Abstract-A 2-way symmetrical Doherty power amplifier (PA) with high efficiency is presented. This amplifier delivers 49.2 dBm (83 W) of saturated output power and 63% drain efficiency with 38.2 dB of power gain at 460 MHz. The drain efficiency at 6 dB backed-off power level shows about 62%. After digital pre-distortion (DPD) system corrected, about 48% power-added efficiency (PAE) at 42.2 dBm (16.6 W) average output power has been demonstrated, while achieving −52 dBc (−28 dBc before linearization) Adjacent Channel Leakage Ratio (ACLR) at 20 MHz offset using a LTE-Advanced input signal with 6.5 dB peak to average ratio (PAR) to meet the IMT-Advanced system requirements. We also used a π type structure network based on lumped elements to replace the traditional Doherty amplifier 1/4λ transmission line, and compared the performance.
INTRODUCTION
With the rapid development of modern wireless communication, the future business will turn to focus on data and multimedia transmission from voice.
International Mobile Telecommunications-Advanced (IMT-Advanced) will carry the global wireless communication services as the next world standard of mobile communication. Systems such as LTE-Advanced use signals with high PAR. It becomes particularly challenging since these signals require amplifiers to operate in large back-off output power region. However, a traditional class-AB power amplifier operating at large back-off has low efficiency. Hence, RF amplifiers with high linearity and efficiency are required for the base stations.
Various PA architectures with efficiency enhancement techniques have been investigated [1] [2] [3] [4] [5] , among others, the Doherty power amplifier technique has been in particular a front contender [6] [7] [8] .
In the 2007 World Radiocommunication Conference (WRC-07), the Radiocommunication Sector of International Telecommunications Union (ITU-R) divided a new frequency band 450-470 MHz for the International Mobile Telecom System (IMT) [9] . In this paper, we demonstrate a high efficiency Doherty PA operating at 460 MHz. The Doherty PA exhibits 49.2 dBm (83 W) of saturated output power. By using DPD system, it achieves 54% drain efficiency (48% PAE), −52 dBc ACLP at the average output power of 42.2 dBm (16.6 W) for a 20 MHz LTE-Advanced signal with 6.5 dB PAR.
DOHERTY POWER AMPLIFIER
The Doherty technique was first invented in 1936 as a means of achieving high efficiency for tube amplifiers by William H. Doherty [10] . It does not require additional complex peripheral circuit structure [11] . Fig. 1 shows the typical symmetrical Doherty architecture.
It is consisted of a carrier amplifier and a peaking amplifier, the input power is equally distributed to the two amplifiers through an input power splitter. With the aim to achieve load modulation for the carrier PA, two 1/4λ transmission lines as an impedance inverter combine the two amplifiers. The offset line at the output of the peaking amplifier is aim to compensate phase delay and prevent power leakage, the 1/4λ transmission line before the peaking amplifier and the other offset line play a role in keeping phase balance.
A proper load modulation of the carrier amplifier is supposed to provide nearly constant efficiency for the targeted output power backoff range of usually up to 6 dB. The load impedance Z A and Z C in [12] :
where I c and I p denote the output currents of the carrier and peaking amplifiers, respectively. At low input power levels, the carrier PA maintains a load impedance of 2Z 0 while the peaking PA is turned off.
With the input power increasing, the peaking PA will turn on when the carrier PA reaches its first maximum efficiency point. For typical symmetrical Doherty amplifier, α = 1/2, which means the maximum output power of the carrier PA is one-half of the maximum output power of the Doherty PA, so I p will increase from zero to I c . It can be deduced from (1) and (2), ideally, Z A moves gradually from 2Z 0 to Z 0 while Z C drops from a very high impedance value to Z 0 . Usually, the carrier amplifier is biased at class AB or B mode while the peaking amplifier is biased at class C mode [13] . In this case, the saturated power of the carrier and peaking amplifier is equivalent. Therefore, a maximum output power of two times the carrier PA power capacity can be achieved. This ensures that the Doherty PA operates at a large back-off output power level with high efficiency [14] . It can be derived from Eq. (3): Backoff = 10 log P Doherty max P Carrier f irst saturation (3) where P Doherty max is the maximum output power of the Doherty PA and P carrier f irst saturation is the maximum output power of the carrier amplifier at the first saturation point. The carrier amplifier will reach the first saturation point 3 dB in advance due to the load modulation, so the value of Backoff is given by:
The second efficiency peak will occur when the carrier and the peaking amplifiers both get the maximum output power. And the maximum drain efficiency of an ideal class-B PA will be 78.5% [15] . Hence, the Doherty PA will reach the maximum drain efficiency point twice. The theoretical drain efficiency of a typical Doherty PA is shown in Fig. 2 . 
DOHERTY AMPLIFIER DESIGN
The Doherty PA is designed and simulated to operate at 460 MHz. The carrier and peaking amplifier are both using 54 W LDMOS devices (MRFE6S9045N). The carrier PA is biased in a Class-AB condition, resulting in VDS = 28 V and VGS = 3.1 V. With all harmonics terminated to 50 Ω, the optimum output power impedance Z opt of the device has been determined from a load pull simulation to be Z opt = 3.5 + j4.7 Ω, the Z opt is matched to Z 0 = 50 Ω through the carrier PA output network.
The peaking PA is designed to have the same input and output network with the carrier PA for they both use the same device. But the peaking PA is biased in a class-C condition, resulting in VDS = 28 V and VGS = 2.0 V. And the Z opt is matched to 50 Ω to operate in its full capacity [16] . The complete peaking PA comprises the offset line to prevent power leakage and compensate phase delay [17] . This is very important, because when the input signal is at low power levels, only the carrier amplifier is operating, and too much output power leaking to the peaking PA may destroy the transistor. The load impedance of the peaking PA is infinity in theoretical. But it could not be reached in practice, therefore, to some extent, the offset line makes up the unexpected result. Then, the carrier and the peaking PA are combined and output matched to 50 Ω using an additional 1/4λ transmission line with the characteristic impedance of 35.36 Ω (see Fig. 1 ).
The simulated load modulation of Z A, Z B and Z C (see Fig. 1 ) is depicted in Fig. 3 .
Bulky 1/4λ transmission line at 460 MHz is nearly 100 mm (Er = 3.48), a compact network can be employed for the narrow band Figure 4 . Three alternative configurations for the network based on lumped elements. realization. Fig. 4 shows three alternative configurations for the network based on lumped elements. For these cases, the components values are given by [18] 
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where ω 0 is the operational frequency and Z 0 is the characteristic impedance of the 1/4λ transmission line. In this paper, we used a π type structure network with two shunt capacitors and an inductor (see Fig. 4(b) ). The calculated components values in 450-470 MHz (Z 0 = 50 Ω) are shown in Table 1 .
For practical components restricted, we used a 14 nH Coilcraft RF inductor and two 6.8 pF ATC RF capacitors to achieve 75 • phase shift, and then connected a 15 • transmission line to realize the function of 1/4λ transmission line.
EXPERIMENTAL RESULTS
A photograph of the symmetrical Doherty PA realized on a Rogers 4350 (Er = 3.48) substrate is shown in Fig. 5 . The square with dotted line in Fig. 5 is replaced by the designed π-network with lumped elements and zoomed to obtain Fig. 6 .
The Doherty PA is characterized using a single-tone (CW) signal in order to determine larger signal output power, gain and efficiency. The measured RF performances are shown in Fig. 7 . 49.2 dBm (83 W) saturated output power and 38.2 dB of power gain with constant drain efficiency of 62% up to 6 dB back-off have been achieved. Fig. 8 shows the simulated, measured PAE of the conventional Doherty PA and measured PAE of the Doherty PA with designed π-network. The Doherty PA with lumped elements network exhibits the same saturated output power and reduces the size of the circuit, but has a slightly lower PAE (about 4% at a high power level) than the conventional one. Fig. 9 shows the measured bandwidth performance at the average output power of 42.5 dBm. The gain flatness is about 0.2 dB within the whole concerned frequency band.
The linearity performance of the Doherty PA under practical conditions has been tested using a LTE-Advanced signal with 6.5 dB PAR at 0.01% on the CCDF. Excellent drain efficiency of 54% (48% PAE) and −28 dBc ACLR before linearization (measured at In order to fulfill the linearity requirements of the IMT-Advanced system (supposed to be −45 dBc), digital pre-distortion (DPD) has been applied. Fig. 10 shows the power spectrum density of the signal after linearization. Less than −52 dBc ACLR has been achieved to meet the system requirements.
CONCLUSION
A 460 MHz Doherty amplifier for IMT-Advanced system has been reported in this paper. The Doherty PA produced 83 W of CW saturated power at 63% drain efficiency. We obtained 48% poweradded efficiency at the average output power of 42.2 dBm (16.6 W) using a LTE-Advanced input signal with 6.5 dB PAR. And the Doherty PA has been linearized using DPD to achieve −52 dBc ACLR. Furthermore, a π-network with lumped elements was designed to shrink the circuit size and just performed slightly worse than the conventional Doherty did. This work provides an alternative efficiency enhancement solution for the base stations.
